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Abstract 
In this paper the homogeneity and isotropy of the mechanical hardness of thin-walled Inconel 718 (IN718) alloy samples manufactured by 
Selective Laser Melting (SLM) were examined using nanoindentation testing. SLM-produced honeycombed samples with wall thicknesses of 
0.8, 0.6 and 0.4 mm respectively were studied by measuring the hardness across the wall thickness, and on the planes parallel and perpendicular 
to the build direction over the range of depths of 10-2000 nm. The average hardness values close to the edges were 4.0-6.5 % lower than the 
areas away from the them. Interestingly the average hardness dropped by 15.2 % with reduction in the cell wall thickness from 0.8 mm to 0.4 
mm. Average hardness values were reported to be higher on the plane perpendicular to the build direction compared to the parallel plane. A 
variable material length scale was proposed in this work to describe the size effects of the microstructure. It was evaluated using the 
nanoindentation hardness test results and a computational model developed in previous studies by the first author and his co-workers. 
© 2015 The Authors. Published by Elsevier Ltd. 
Keywords: Additive Manufacturing, Selective Laser Melting, Inconel 718, Nanoindentation, Length scale.
1. Introduction 
Additive manufacturing (AM), previously known as Rapid 
Prototyping (RP), was introduced in the 1980s [1]. As defined 
by the ASTM standard 52900:2015 it is the “process of joining 
materials to make parts from 3D model data, usually layer upon 
layer, as opposed to subtractive manufacturing and formative 
manufacturing methodologies” [2]. AM enabled the production 
of complex shapes with less material waste, increased rate of 
production of single parts or small batches, together with 
affordable mass-customization of part manufacturing [3,4]. 
Furthermore, the energy consumed in AM of metal parts is 
lower overall compared to the formative methods of 
production, and hence a potential to reduce the carbon footprint 
[5]. 
The powder based additive manufacturing of metals is a 
process whereby the metal powder is melted layer by layer, 
using an energy source [5–8]. In most cases, the source of 
energy is a laser beam as in the case of Selective Laser 
Sintering (SLS), Selective Laser Melting (SLM), and Laser 
Melt Deposition (LMD). SLM was first introduced in 1999 
following improvements in laser processing and since then has 
seen rapid development. It is similar in process to the earlier 
method of SLS, introduced in the mid-1980s, but the powder 
in each layer is fully melted within a powder bed to a liquid 
phase and then solidified leading to a complete fusion of the 
current layer with underlying substrate. This process develops 
a dense material; almost 99.9 % density can be achieved [8] 
without sintering, post infiltration or Hot Isostatic Pressing 
(HIP). 
Inconel 718 (IN718) is a nickel chromium alloy that 
contains significant amounts of iron, niobium and 
molybdenum with small amounts of aluminum and titanium 
[9]. The main hardening phases are the γ’’ phase and the γ’ 
phase that are dissolved in the γ matrix. Due to its high 
corrosion resistance, fatigue resistance, wear resistance 
combined with high strength up to 650-750 oC it finds use in 
the mechanical applications operating at elevated temperatures. 
Even in its fully annealed condition IN718 is difficult to 
machine at room temperature using subtractive methods 
needing expensive tools, with high rates of tool wear and low 
metal removal rates. To shape the alloy from a bulk form 
requires high temperatures of typically 1000 oC, expensive heat 
resistant tooling and a high degree of precision process control 
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such as isothermal forging to make parts with complex shapes 
such as jet engine blades. SLM offers a potential alternative to 
formative manufacturing methods. However, an understanding 
of the relationship between process, microstructure and 
mechanical properties of IN718 alloy manufactured by SLM is 
needed to support the qualification process for its use in 
demanding high performance applications.  
Studies have been conducted in the past decade to 
investigate the effect of the incremental build process 
(including the fast cooling rate and high temperature gradient), 
post heat treatment and building parameters on the 
microstructure and mechanical properties of IN718 
manufactured by SLM. For the as-built alloy, with no post heat 
treatment, the grain morphology was found to be anisotropic; 
such that the plane parallel to the build direction reveals grains 
elongated in the direction of build. In the plane perpendicular 
to the build direction the grains are elongated between the track 
lines with the existence of finer grains in the overlapping areas 
[10–12]. This anisotropy results from the manufacturing 
process as the grains align themselves in the direction of the 
steepest temperature gradient. Process parameters such as laser 
power, scan strategy, scanning speed and building direction 
have been found to affect the microstructure of the as-built 
IN718 alloy [13,14], which results in heterogeneous grain 
structures with a majority of columnar grains [15].  Heat 
treatment is applied to SLM-produced parts of IN718 alloy to 
strengthen the mechanical properties by creating a more 
uniform grain morphology and the process involves dislocation 
annihilation, formation of twin boundaries and the 
precipitation of γ’ and γ’’ strengthening phases [11,12,16–18]. 
Although heat treatment generally results in grain growth, it 
was observed that the grains are still finer compared to the 
conventionally cast IN718 [18,19]. Heat treatment also reduces 
the number and the size of pores that are an inherent feature of 
the SLM process. Another feature of the SLM process is that 
porosity was observed to be higher along the interface between 
the free edge and the interior [11]. The effect of laser scan 
speed on porosity was also studied. Keeping the laser power 
(90 W), layer thickness (25 μm) and hatch spacing (80 μm) 
constant and varying the scanning speed between 100 -1600 
mm/s, a maximum densification of 99.7 % was recorded at scan 
speed of 800 mm/s before any heat treatment was applied [10]. 
Overall, there is a general agreement that the mechanical 
properties of the heat treated SLM-produced IN718 alloy are 
comparable to those produced by formative methods of 
manufacturing, but selection of the correct SLM process and 
heat treatment parameters are essential to producing a quality 
part in this alloy [18–20]. 
There are many applications of IN718 alloy that require 
complex hollow shaped elements to obtain specific physical or 
mechanical properties, weight reduction, fluid flow or heat 
transfer. This paper examines the uniformity and isotropy of 
the mechanical properties in AM produced thin-walled 
structures by SLM. 
2. Sample preparation 
2.1. Sample manufacturing  
SLM-produced honeycomb samples of different cell wall 
thicknesses were received from the University of Derby, 
(UoD), UK. The outer dimensions of the samples were 22 mm 
x 20 mm x 2 mm thickness. The nominal dimension from the 
center of the hexagonal cell to the centerline of the cell wall 
(referred to as ligaments in Fig. 1 (a)) was kept constant in all 
three samples, differing only in the cell wall (ligament) 
thickness. Samples of cell wall thicknesses 0.8 mm, 0.6 mm 
and 0.4 mm were studied, termed as S1, S2 and S3 respectively. 
A Renishaw AM250 Selective Laser Melting machine 
incorporating a pulse-modulated Ytterbium fiber laser was 
used to produce the test pieces with the process parameters 
displayed in Table 1. The IN718 powder material was 
spherical, with particle diameter size ranging between 15 to 45 
µm, and the chemical composition displayed in Table 2. 
Meander scanning was used and in this approach the laser beam 
scans each line vector separated by the hatch spacing (90 μm) 
for each layer of un-melted powder deposited. The layer 
interior area (fill) is scanned first with laser speed 1000 mm/s, 
followed by the borders (or boundaries) with scan speed 400 
mm/s. The laser beam scans each layer at an angle of 67o with 
respect to the previous one [21]. The whole process was 
conducted within an inert gas (Argon) environment to 
minimize oxidization. After finishing the build process, the 
parts were stress relieved at an annealing temperature of 1048 
°C in solution for 1 hour followed by a furnace cool and 
afterwards cut from the base plate using wire electrical 
discharge machining (WEDM) known as wire-cut. For the 
current samples, the layering plane XY is the horizontal plane 
which is perpendicular to the build direction along the Z axis. 
The plane ZX is the vertical plane which is parallel to the build 
direction (Fig. 1 (b)). They are termed as the top plane and 
Fig. 1. Samples geometry: (a) top view, (b) samples orientation, (c) SEM image showing the surface of the S3 sample as received. 
(a) (b) (c) 
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lateral plane respectively in this paper.  Fig. 1 (c) is an SEM 
image of the S3 sample, as received, captured using Quanta 3D 
FEG FIB/SEM at the Shared Instrumentation Facility (SIF) at 
Louisiana State University (LSU) with the stage being tilted to 
display the top and lateral planes in the same figure.   
2.2. Sample preparation 
An important factor for obtaining accurate results from the 
nanoindentation test is the surface condition. The mechanical  
properties obtained from the nanoindentation tests assumes the 
loading path to be perpendicular to the surface and are based 
on the contact depth that is calculated from the total penetration 
depth. A flat surface with ±5o inclination is desirable for the 
loading path, and for accurate penetration depth sensing the 
surface roughness must be minimized. According to the ISO 
14577-4 Ra values should be less than 5 % of the maximum 
penetration depth.  
The sample preparation for proper polishing started by 
reducing the size of the sample using the wire-cut process. 
Mechanical and chemical-mechanical polishing steps were 
performed on the original surface (nanoindentation 
experiments were not performed on wire-cut surfaces) to obtain 
the required surface condition. For the mechanical polishing 
Silicon carbide (SiC) polishing paper of grit size 600 was used 
first to remove the peaks formed at the contour lines to end with 
a flat but scratched surface. SiC paper of grit sizes 800, 1000, 
and 1200 were then used respectively to refine the sample 
surface. The final mechanical steps were done using 
polycrystalline diamond suspensions of sizes 6 µm, 3 µm and 
1 µm respectively to develop a highly polished mirror like 
surface. After each step the sample was ultrasonically cleaned 
and checked using an optical microscope to ensure scratches 
left by the previous polishing step were all removed. 
Chemical-mechanical polishing was performed following 
the mechanical steps using a water based colloidal silica 
suspension of 0.05 µm particle size and a vibratory polisher for 
15 hrs. The chemical -mechanical polishing was done to 
remove the tiny scratches and residual plastic deformation left 
by the previous mechanical polishing steps. 
3. Inductively coupled plasma - optical emission 
spectrometry 
To confirm that the composition of the final product 
conforms to the standard IN718 alloy as specified by the 
ASTM [9], Inductively coupled plasma - optical emission 
spectrometry (ICP-OES) was performed at Element laboratory, 
UK. The standard nominal limits and the ICP-OES result for 
the weight percentages of the elements is shown in Table 2. 
4. Nanoindentation  
4.1. Procedure 
Nanoindenter XP developed by MTS [22] was used to 
perform nanoindentation with diamond pyramidal Berkovich 
tip. The Hardness of material is determined as:  
H = P A⁄                                                                                          (1)         
where H is the hardness in Pascal, P is the load measured by 
the equipment in Newtons, and A is the contact area between 
the indenter tip and the material in m2. According to the series 
of equations developed by Oliver and Pharr [23,24] the 
unloading-displacement curve can be represented by a power 
law as follows: 
𝑃 = 𝐵(ℎ − ℎ𝑓)
𝑚
                                                                           (2)    
where h is the indentation depth in m, hf is the final 
indentation depth after unloading, and B and m are material 
constants greater than 1. Assuming that the hard indenter 
material is perfectly rigid, the projected area at the peak load 
can be given as a function of the tip geometry and the contact 
depth hc as follows:  






4⁄ + ⋯ +
𝐶8ℎ𝑐
1
128⁄                                                                                            (3)  
where the constant 24.562 in the first term, called the lead term, 
is specific for the Berkovich tip. In the case of a perfect tip, 
only the lead term is nonzero. The remaining terms are used  
to correct the deviations from this perfect geometry due to 
blunting of the tip. A standard fused silica sample that is known 
to have an elastic modulus of 72 MPa is used to perform the 
analysis required to obtain these constants. The contact depth 
ℎ𝑐 depends on the tip geometry, and is given as: 
   hc = h −
εP
S
                                                                                (4) 
 where  is the tip geometry constant (for Berkovich =
0.75), and 𝑆 is the slope of the initial portion of the unloading 
curve that can be obtained by differentiating the contact load 𝑃 




= Bm(h − hf)
m−1|h=hmax                                            (5) 
In this equation ℎ𝑚𝑎𝑥  is the maximum indentation depth 
reached during the test. Using these equations, the equipment 
can determine the hardness 𝐻 of the material as a function of 
the indentation depth ℎ. For the current study the continuous 
stiffness measurement method (CSM) is used. The CSM 
method allows the measurement of the unloading stiffness S 
continuously through the depth by superimposing small 
oscillations over the primary loading signal. Using S and the 
previous equations the hardness is obtained as a continuous 
Table 1. Build parameters for the current study. 
 Boarder Fill 
Layer Thickness (µm) 
Hatch distance (mm) 
Laser power (Watts) 
Spot size (µm) 
Scan speed (mm/s) 
Exposure Time (µs) 
Point Distance (µm) 
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function of the penetration depth. Thermal drift correction is 
also implemented in the test method.  
4.2 Test locations  
4.2.1 Hardness across the cell wall thickness (top plane)  
To detect the variation of hardness across the cell wall 
thickness, successive rows of indents were performed across 
the wall thickness for each sample as shown in Fig. 2 (a). Each 
row being 50 µm away from the previous one and the first and 
last rows being 50 -100 µm away from the free boundary to 
avoid boundary effects. The number of rows varied for each 
sample as the space available was different. 
4.2.2 Hardness on the top plane (joint area) 
Three groups of nine indents (indentation pattern of one 
group is shown in Fig.2 (b)) were performed on the top plane 
of each sample. Each group was performed in the interior area 
of a separate joint (the intersection of the cell walls). The 
vertical and horizontal spacing between the indents was 50 µm. 
4.2.3 Hardness on the lateral plane 
Three groups of nine indents (indentation pattern of one group 
is shown in Fig.2 (b)) were performed on the lateral plane for 
each sample. The vertical and horizontal spacing between the 
indents was 50 µm. The side tested was chosen from the 
original edges (not from the EDM cut side). 
5. Computational modeling of the nanoindentation 
with length scales  
Indentation size effect (ISE) has been observed by a number 
of researchers in nanoindentation tests [25–29]. ISE is 
characterized by the decrease in hardness values as the 
indentation depth increases and finally reaching a constant 
value after certain depth. The classical continuum theory 
cannot predict this behavior. Therefore, to be able to address 
the material behavior in multiscale characterization, the 
classical continuum theory is enhanced with the strain gradient 
plasticity theory. In the latter, the plastic strain at a point 
depends on both the local counterpart and the strain gradient in 
the neighboring space [30–34]. The nonlocal formulation of the 
equivalent  plastic strain developed by Voyiadjis & Abu Al-
Rub [35] is given as: 
?̂? = [𝑝𝛾 + (𝑙𝜂)𝛾]1 𝛾⁄                                                                      (6)   
where ?̂? is the nonlocal form of the plastic strain, 𝑝 is the 
local equivalent plastic strain, 𝑙 is a length scale parameter 
required for dimensional consistency, 𝑛 is the equivalent 
plastic strain gradient of any order and 𝛾 is a material 
parameter. By comparing the constitutive relations at the 
micro- and macro-scales an expression of the material length 
scale that depends on the rate of loading, temperature and 
accumulated plastic strain has been developed by Voyiadjis et 
al. [36]. The effect of the cell wall thickness (D) on the 
material length scale  was  proposed earlier by Voyiadjis and 
Abu Al-Rub [32] and Voyiadjis and Peters [25]. Their 
proposed expression has been used to modify the length scale 
definition proposed by Voyiadjis et al. [36] as follows: 














)            (7)  
where 𝛼𝑆 and 𝛼𝐺 are statistical coefficients which account for 
the deviation from regular spatial arrangements of the SSD 
and GND populations respectively, 𝑏𝑆 and 𝑏𝐺 are the 
Table 2. Chemical composition of IN 718.  
Element Fe C Si Mn S Cr Mo Ni Cu Co Ti Al Nb+Ta  
Nominal minimum Bal _ _ _ _ 17.0 2.80 50.0 _ _ 0.65 0.20 4.85  
Nominal maximum Bal 0.08 0.35 0.35 0.015 21.0 3.30 55.0 0.3 1.0 1.15 0.80 5.5  
ICP 18.0 0.042 0.04 0.01 >0.003 18.3 3.24 53.4 0.01 0.10 0.95 0.48 5.27  
Fig. 2. (a) SEM Image showing the nanoindentation across the cell 
wall thickness (the nano-indents are the light gray triangles), (b) 
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magnitudes of the Burgers vectors for the statistically stored 
dislocations SSDs and the geometrically stored dislocations 
GNDs respectively, ?̅? is the Schmidt orientation factor, 
usually taken as ½, ?̅? is the Nye factor, taken as 1.85 for 
polycrystalline material [37,38], 𝑑 is the grain size, 𝑝 is the 
equivalent plastic strain, ?̇? is the strain rate, 𝐸𝑟  is the 
activation energy ( 443 kJ/mol for IN718 [39]) , T is the 
temperature in kelvin, R is the gas constant, m and q are the 
material hardening exponents and 𝛿1, 𝛿2  and 𝛿3 are material 
parameters that are determined from nanoindentation 
experiments (values given in Table 3). This can be done by 
comparing the hardness experimental results with the 
hardness model (TRISE) developed by Voyiadjis et al. [36]. 
In this model the hardness is given as a function of the 
indentation depth as follows: 






















                                            (8)  
where 𝐻0 is the macro-hardness, ℎ is the indentation depth, c is 
a material constant in the order of 𝑐 = 1,𝜃 is the angle between 
the surface of the conical indenter and the surface of the 
specimen (for Berkovich indenters 𝜃 = 0.358) and ℎ1, 𝛿4  and 
𝛿5  are material parameters that are determined from 
nanoindentation experiments (values given in Table 3).   
Using the cyclic plasticity model developed by Voyiadjis and 
Abu Al-Rub [40] and Voyiadjis and Basuroychowdhury [41] 
the hardness in the used testing method is given as: 
𝐻𝑛𝑒𝑤 = 𝐻𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 + 𝐶(ℎ)𝐻𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠                                      (9) 
where C(h) = √1/𝛼6ℎ  with 𝛼6  being a material parameter 
determined through curve fitting and   𝐻𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 is the hardness 
given by the TRISE model (Eqn. (8)). In the current study the 
equivalent plastic strain as a function of the indentation depth 
was obtained through finite element simulation of the 
indentation test using ABAQUS software following the work 
of Voyiadjis et al.  [25,36,42–44]. The IN718 sample was 
modeled as a cube of 50 μm sides with the lower side fully 
constrained. The diamond indenter was modeled as a blunt 
pyramid with the tip being equilateral triangle of 30 μm sides. 
The material properties of the diamond tip were provided by 
the manufacturer and the material properties of SLM IN 718 
were provided by UoD. ABAQUS interaction module was used 
to model the interaction between the diamond tip and the 
sample. Specific velocity and duration were assigned to the tip 
to penetrate the sample to a depth of approximately 2000 nm. 
Following that, the material parameters 𝛿1-  𝛿6 and ℎ1  in the 
TRISE model were calibrated by fitting the model with the 
experimental results. Once the material parameters were 
obtained the material length scale in Eqn. (7) was evaluated.  
6. Results and discussion 
6.1 Hardness across the cell wall thickness (top plane) 
ISE was observed in all indents, and the hardness-
indentation depth curves had a plateau between 1800- 2000 nm 
indentation depth. The average value of the hardness over this 
range of depth was plotted for each indent (shown as dots) 
across the cell wall thickness in the color map plots in Fig. 3. 
It was observed for all samples that the hardness values were 
lower close to the wall free edges and increased to reach higher 
values at 100-150 µm from there. 
The hardness in the area close to the free edge was ~ 4 to 6.5 
% lower than in the interior areas. Furthermore, the average 
hardness value in the interior area was found to decrease as 
the cell wall thickness decreased; that is ~ 4.20 GPa for S1, ~ 
4.13 GPa for S2 and ~ 3.54 GPa for S3. The hardness 
reduction was 1.6 % between S1 and S2, but 13.6 % between 
S2 and S3.  
Considering the boarder scan parameters; the boarder scan 
offset from the free edge is 0.06 mm for all samples. For two 
boarders per wall it is 0.12 mm. Hence, for the S1 sample, the 
boarder’s contribution is 15 % of the wall thickness, 20 % for 
S2 and 30 % for S3. Furthermore, it is described in Table 1 
that the energy density, and hence the increase in temperature, 
for the boarder is higher than the interior. Therefore, it is 
expected for the microstructure at the edges to be coarser than 
the interior, resulting in hardness reduction at the edges (Hall 
-Petch relation [45,46]). However, this change in the 
microstructure should be gradual following the gradual 
change in the temperature from the boarders to the interior. 
This gradual change in the microstructure is expected to take 
place over a transition length that extends beyond the boarder 
width (0.06mm), and this could explain the reduction in the 
hardness over the distance 0.1- 0.15 mm from the free edges. 
The hardness reduction in this zone may also be attributed to 
the porosity that is observed by Sangid et al. [11] to be higher 
in the area where interior hatch lines meet the boarders.  It is 
believed by the authors that as the cell wall thickness 
decreases, the boarder temperature and accompanied porosity 
effects from both sides, and consequently the resulting 
transition zones, will get closer to the cell wall centerline. 
This will cause a reduction in the average hardness based on 
the contribution of this zone to the total wall thickness. It is 
also believed that further reduction in the cell wall thickness 
will finally cause the boarder temperature and porosity effects 
from both sides to be superimposed all over the interior area 
causing considerable differences in the interior microstructure 
(and hardness) between the different samples.   
6.2 Hardness on the top (joint area) and lateral planes 
The average and standard deviation of the hardness values for 
each one of the three groups of indents on the top (joint area) 
and lateral planes were plotted in Fig. 4. Also, the average 
Table 3. Numerical values for the parameters used in Eqns. 
(7) and (8). 
Variable Value Variable Value 
Ho 3.66 GPa q 0.3 
d 3000 nm* 𝒉𝟏 42 nm 
R 8.3144 J/mol 𝜶𝟐 4.8x10
6 
T 295 K 𝜶𝟑 0.01
 
m 0.474 𝜶𝟒 0.064 
B 2 𝜶𝟓 1.15 
?̇? 0.05 s-1 𝜶𝟔 1.3x10
5 
*Measured using Ion beam channelling contrast method at 
SIF-LSU. 
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hardness value over the depth range 1800-2000 nm for each 
group was listed in Table 4. For the top plane it was observed 
that the hardness values, for all the samples, were around the 
average values of the hardness determined previously in the 
cell wall interior area. Furthermore, for all samples, the average 
hardness values on the top plane were higher compared to those  
on the lateral plane.  
Analysis of variance (ANOVA) was performed on the results 
listed in Table 4 to compare the hardness values on the top and 
lateral planes of each sample. Using a 2-way ANOVA, it was 
found that there was a significant difference between the 
Fig. 3. Hardness across the cell wall thickness (top plane): (a) S1, 
(b) S2, (c) S3. 
Fig.4. Average hardness versus displacement into surface: (a) S1, (b) 
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hardness of the 3 samples (p = 3.99E-6; F(63.2) > Fcrit(4.7)) 
and between the top and lateral plane (p=0.00012; F(20.9) > 
Fcrit(3.9), with the hardness values for the top plane being 
higher than the lateral plane. This was associated with more 
columnar grains on the surface of the lateral plane of the 
samples with less overlapping areas [15].  
6.3 Local Hardening  
In the recent nanoindentation experiments, a local hardening 
region was observed in the hardness- indentation depth curve 
for polycrystalline materials over the depth range of 50-100 nm 
[35-39]. This local hardening could be related to the interaction 
between the volume of the GNDs created by the indenter and 
the grain boundary first approached by this volume as shown 
in Fig. 5. In the current study, this local hardening was 
observed only for the S3 sample on the top plane. More 
specifically, all the indents on this plane showed this trend 
except those of group 3. Two of the indents showing this 
behavior were displayed in Fig. 6. This distinct behavior of 
sample S3 could be attributed to higher anisotropy in the 
crystalline structure compared to the other samples leading to 
the indents being close to the grain boundary along the shortest 
dimension. 
6.4 TRISE Model and Material length scale 
The accumulated equivalent plastic strain obtained from the 
ABAQUS software simulation is shown in Fig.7. It had been 
defined as a function of the indentation depth to be used in Eq. 
8. The material parameters were then determined by fitting the 
hardness values from Eq. 8 into the experimental data (Fig. 8). 
Finally, the material length scale was evaluated and plotted 
against the equivalent plastic strain (Fig. 9). It can be observed 
that the material length scale decreases as the plastic strain 
increases and finally reaches zero. This can explain the ISE by 
using the gradient plasticity theory; at higher indentation 
depths, as the accumulated plastic strain increases the length 
scale reaches zero and the hardness value reaches the macro 
hardness value H0. Furthermore, at lower indentation depth the  
 
Fig. 5. The interaction between the dislocations and the grain 
boundaries for polycrystalline materials during nanoindentation 
experiments. (after Voyiadjis and Zhang [36]). 
Table 4. Hardness on the top (joint area) and lateral planes. 
    
Hardness (GPa) 
S1 S2  S3 
Top plane  
Group 1 4.30 4.19 3.89 
Group 2 4.19 4.02 3.95 
Group 3 4.22 4.28 4.02 
Lateral Plane  
Group 1 3.92 3.35 3.80 
Group 2 4.19 3.40 3.84 
Group 3 4.03 3.45 3.86 
 
Fig.6. Local hardening in selected hardness-indentation depth 
curves of sample S3. 
 
Fig. 7. Equivalent plastic strain in contour plot after indentation. 
 
Fig. 8. Comparison of the hardness curves from proposed model 
and nanoindentation experiment for a chosen indent. 
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strain gradient is higher due to the accumulated GNDs below 
the indenter causing the hardness values to be higher than H0.  
7. Conclusion 
Selective Laser Melting (SLM) can be utilized in producing 
complex shaped lightweight elements in IN718 super-alloy. 
However, due to the high temperature gradient related to the 
incremental manufacturing process certain characteristics 
cannot be avoided even after the stress relief process. Some of 
these characteristics were observed in this study as follows:   
• Hardness values in the vicinity of the cell wall edges 
were 4-6 % lower than in the interior areas. 
• Hardness values in the cell wall interior area 
decreased as the cell wall thickness decreased. The reduction 
in total (as a percent of the 0.8 mm sample average hardness) 
was 15.2 % as the thickness decreased from 0.8 to 0.4 mm. 
However, only 1.6 % reduction occurred as the thickness 
changed from 0.8 to 0.6 mm compared to 13.6 % as thickness 
changed from 0.6 to 0.4 mm. This suggested a possibility of a 
minimum value for the element thickness below which the 
manufacturing process will drastically affect the hardness 
values.  
• Hardness values were anisotropic; the hardness values 
on planes perpendicular to the build direction were higher 
compared to the planes lateral to the build direction. 
 
The indentation size effect was addressed for AM IN718 by 
using nanoindentation experiments and concurrently utilizing 
the TRISE computational model of hardness. A variable 
intrinsic material length scale 𝑙  as a function of the plastic 
strain is subsequently obtained. The resulting trend of this 
curve supports the capability of the gradient plasticity theory to 
predict ISE.  
Acknowledgment 
The authors gratefully acknowledge the partial funding of this 
research by the project of Polish National Agency for 
Academic Exchange (NAWA, 
PPI/APM/2018/1/00045/U/001), Poland  
and Dr Gavin Williams, IISE, University of Derby who 
prepared the SLM samples using the AM250 for this study. 
References  
[1] I. Gibson, D.W. Rosen, B. Stucker, Additive manufacturing 
technologies: Rapid prototyping to direct digital manufacturing, 
2010. https://doi.org/10.1007/978-1-4419-1120-9. 
[2] A. 52900:2015, Standard Terminology for Additive Manufacturing 
– General Principles – Terminology, ASTM Int. i (2015) 1–9. 
https://doi.org/10.1520/F2792-12A.2. 
[3] M. Attaran, The rise of 3-D printing: The advantages of additive 
manufacturing over traditional manufacturing, Bus. Horiz. 60 
(2017) 677–688. https://doi.org/10.1016/j.bushor.2017.05.011. 
[4] A. Elliott, C. Waters, 4-Additive Manufacturing for Designers A 
Primer.pdf, SAE International, 2019. 
[5] W.E. Frazier, Metal additive manufacturing: A review, J. Mater. 
Eng. Perform. 23 (2014) 1917–1928. 
https://doi.org/10.1007/s11665-014-0958-z. 
[6] B. Graybill, M. Li, D. Malawey, C. Ma, J.M. Alvarado-Orozco, E. 
Martinez-Franco, Additive manufacturing of nickel-based 
superalloys, ASME 2018 13th Int. Manuf. Sci. Eng. Conf. MSEC 
2018. 1 (2018). https://doi.org/10.1115/MSEC2018-6666. 
[7] K.J. Lin, D.D. Gu, L. Du, J. Liu, Additive Manufacturing (AM) 
technologies for clean energy applications: A review with a 
perspective on the role played by lasers, Lasers Eng. 41 (2018) 
235–262. 
[8] D.D. Gu, W. Meiners, K. Wissenbach, R. Poprawe, Laser additive 
manufacturing of metallic components: Materials, processes and 
mechanisms, Int. Mater. Rev. 57 (2012) 133–164. 
https://doi.org/10.1179/1743280411Y.0000000014. 
[9] S. Specification, Standard Specification for Precipitation-Hardening 
Nickel Alloy ( UNS N07718 ) Plate , Sheet , and Strip for High-
Temperature Service 1, Annu. B. ASTM Stand. 07 (2010) 7–10. 
https://doi.org/10.1520/B0670-07. 
[10] J.P. Choi, G.H. Shin, S. Yang, D.Y. Yang, J.S. Lee, M. Brochu, 
J.H. Yu, Densification and microstructural investigation of Inconel 
718 parts fabricated by selective laser melting, Powder Technol. 
310 (2017) 60–66. https://doi.org/10.1016/j.powtec.2017.01.030. 
[11] M.D. Sangid, T.A. Book, D. Naragani, J. Rotella, P. Ravi, A. 
Finch, P. Kenesei, J.S. Park, H. Sharma, J. Almer, X. Xiao, Role of 
heat treatment and build orientation in the microstructure sensitive 
deformation characteristics of IN718 produced via SLM additive 
manufacturing, Addit. Manuf. 22 (2018) 479–496. 
https://doi.org/10.1016/j.addma.2018.04.032. 
[12] D. Deng, R.L. Peng, H. Brodin, J. Moverare, Microstructure and 
mechanical properties of Inconel 718 produced by selective laser 
melting: Sample orientation dependence and effects of post heat 
treatments, Mater. Sci. Eng. A. 713 (2018) 294–306. 
https://doi.org/10.1016/j.msea.2017.12.043. 
[13] J.H. Yi, J.W. Kang, T.J. Wang, X. Wang, Y.Y. Hu, T. Feng, Y.L. 
Feng, P.Y. Wu, Effect of laser energy density on the 
microstructure, mechanical properties, and deformation of Inconel 
718 samples fabricated by selective laser melting, J. Alloys Compd. 
(2019). https://doi.org/10.1016/j.jallcom.2019.01.377. 
[14] K.N. Amato, S.M. Gaytan, L.E. Murr, E. Martinez, P.W. Shindo, J. 
Hernandez, S. Collins, F. Medina, Microstructures and mechanical 
behavior of Inconel 718 fabricated by selective laser melting, Acta 
Mater. (2012). https://doi.org/10.1016/j.actamat.2011.12.032. 
[15] V.A. Popovich, E. V. Borisov, A.A. Popovich, V.S. Sufiiarov, D. 
Fig. 9. Material length scale versus the equivalent plastic strain. 
 G. Z. Voyiadjis, R. Abo Znemah, P. Wood / Mechanics Research Communications 00 (2015) 000–000 9 
 
Sensitivity: Internal 
V. Masaylo, L. Alzina, Impact of heat treatment on mechanical 
behaviour of Inconel 718 processed with tailored microstructure by 
selective laser melting, Mater. Des. (2017). 
https://doi.org/10.1016/j.matdes.2017.05.065. 
[16] J. Strößner, M. Terock, U. Glatzel, Mechanical and Microstructural 
Investigation of Nickel-Based Superalloy IN718 Manufactured by 
Selective Laser Melting (SLM), Adv. Eng. Mater. 17 (2015) 1099–
1105. https://doi.org/10.1002/adem.201500158. 
[17] M. Munther, T. Palma, F. Tavangarian, A. Beheshti, K. Davami, 
Nanomechanical properties of additively and traditionally 
manufactured nickel-chromium-based superalloys through 
instrumented nanoindentation, Manuf. Lett. 23 (2020) 39–43. 
https://doi.org/10.1016/j.mfglet.2019.09.003. 
[18] Z. Wang, K. Guan, M. Gao, X. Li, X. Chen, X. Zeng, The 
microstructure and mechanical properties of deposited-IN718 by 
selective laser melting, J. Alloys Compd. 513 (2012) 518–523. 
https://doi.org/10.1016/j.jallcom.2011.10.107. 
[19] D. Zhang, Z. Feng, C. Wang, W. Wang, Z. Liu, W. Niu, 
Comparison of microstructures and mechanical properties of 
Inconel 718 alloy processed by selective laser melting and casting, 
Mater. Sci. Eng. A. 724 (2018) 357–367. 
https://doi.org/10.1016/j.msea.2018.03.073. 
[20] H. Wang, A. Dhiman, H.E. Ostergaard, Y. Zhang, T. Siegmund, 
J.J. Kruzic, V. Tomar, Nanoindentation based properties of Inconel 
718 at elevated temperatures: A comparison of conventional versus 
additively manufactured samples, Int. J. Plast. (2019). 
https://doi.org/10.1016/j.ijplas.2019.04.018. 
[21] D. Pitassi, E. Savoia, V. Fontanari, A. Molinari, V. Luchin, G. 
Zappini, M. Benedetti, Finite Element Thermal Analysis of Metal 
Parts Additively Manufactured via Selective Laser Melting, Finite 
Elem. Method - Simulation, Numer. Anal. Solut. Tech. (2018). 
https://doi.org/10.5772/intechopen.71876. 
[22] MTS Systems Corporation, The Nano Indenter ® XP, (2002) 405. 
https://doi.org/D1418XPA-10629. 
[23] W.C. Oliver, G.M. Pharr, experiments, (1992). 
[24] W.C. Oliver, G.M. Pharr, Measurement of hardness and elastic 
modulus by instrumented indentation: Advances in understanding 
and refinements to methodology, J. Mater. Res. (2004). 
https://doi.org/10.1557/jmr.2004.19.1.3. 
[25] G.Z. Voyiadjis, R. Peters, Size effects in nanoindentation: An 
experimental and analytical study, Acta Mech. 211 (2010) 131–
153. https://doi.org/10.1007/s00707-009-0222-z. 
[26] G.Z. Voyiadjis, A.H. Almasri, A physically based constitutive 
model for fcc metals with applications to dynamic hardness, Mech. 
Mater. (2008). https://doi.org/10.1016/j.mechmat.2007.11.008. 
[27] B. Yang, H. Vehoff, Dependence of nanohardness upon indentation 
size and grain size - A local examination of the interaction between 
dislocations and grain boundaries, Acta Mater. (2007). 
https://doi.org/10.1016/j.actamat.2006.09.004. 
[28] G.Z. Voyiadjis, A.H. Almasri, T. Park, Experimental 
nanoindentation of BCC metals, Mech. Res. Commun. 37 (2010) 
307–314. https://doi.org/10.1016/j.mechrescom.2010.02.001. 
[29] G.Z. Voyiadjis, C. Zhang, The mechanical behavior during 
nanoindentation near the grain boundary in a bicrystal FCC metal, 
Mater. Sci. Eng. A. 621 (2015) 218–228. 
https://doi.org/10.1016/j.msea.2014.10.070. 
[30] N.A. Fleck, J.W. Hutchinson, Strain Gradient Plasticity, in: Adv. 
Appl. Mech., 1997. https://doi.org/10.1016/S0065-2156(08)70388-
0. 
[31] N.A. Stelmashenko, M.G. Walls, L.M. Brown, Y. V. Milman, 
Microindentations on W and Mo oriented single crystals: An STM 
study, Acta Metall. Mater. (1993). https://doi.org/10.1016/0956-
7151(93)90100-7. 
[32] G.Z. Voyiadjis, R.K. Abu Al-Rub, Gradient plasticity theory with a 
variable length scale parameter, Int. J. Solids Struct. (2005). 
https://doi.org/10.1016/j.ijsolstr.2004.12.010. 
[33] N.A. Fleck, J.W. Hutchinson, A phenomenological theory for strain 
gradient effects in plasticity, J. Mech. Phys. Solids. (1993). 
https://doi.org/10.1016/0022-5096(93)90072-N. 
[34] M.R. Begley, J.W. Hutchinson, The mechanics of size-dependent 
indentation, J. Mech. Phys. Solids. 46 (1998) 2049–2068. 
https://doi.org/10.1016/S0022-5096(98)00018-0. 
[35] G.Z. Voyiadjis, R.K. Abu Al-Rub, Length Scales in Gradient 
Plasticity INTRINSIC LENGTH SCALE OF GRADIENT, in: S. 
Ahzi, M. Cherkaoui, M. A. Khaleel, H. M. Zbib, M. A. Zikry, and 
B. LaMatina (Ed.), 2004. 
[36] G.Z. Voyiadjis, D. Faghihi, C. Zhang, Analytical and experimental 
determination of rate and temperature-dependent length scales 
using nanoindentation experiments, J. Nanomechanics 
Micromechanics. (2011). https://doi.org/10.1061/(ASCE)NM.2153-
5477.0000027. 
[37] A. Arsenlis, D.M. Parks, Crystallographic aspects of geometrically-
necessary and statistically-stored dislocation density, Acta Mater. 
(1999). https://doi.org/10.1016/S1359-6454(99)00020-8. 
[38] W.D. Nix, H. Gao, Indentation size effects in crystalline materials: 
A law for strain gradient plasticity, J. Mech. Phys. Solids. (1998). 
https://doi.org/10.1016/S0022-5096(97)00086-0. 
[39] Y. Wang, W.Z. Shao, L. Zhen, L. Yang, X.M. Zhang, Flow 
behavior and microstructures of superalloy 718 during high 
temperature deformation, Mater. Sci. Eng. A. (2008). 
https://doi.org/10.1016/j.msea.2008.07.046. 
[40] G.Z. Voyiadjis, R.K. Abu Al-Rub, Thermodynamic based model 
for the evolution equation of the backstress in cyclic plasticity, in: 
Int. J. Plast., 2003. https://doi.org/10.1016/S0749-6419(03)00062-
7. 
[41] G.Z. Voyiadjis, I.N. Basuroychowdhury, A plasticity model for 
multiaxial cyclic loading and ratchetting, Acta Mech. (1998). 
https://doi.org/10.1007/BF01172796. 
[42] A.H. Almasri, G.Z. Voyiadjis, Effect of strain rate on the dynamic 
hardness in metals, J. Eng. Mater. Technol. Trans. ASME. (2007). 
https://doi.org/10.1115/1.2744430. 
[43] G.Z. Voyiadjis, A.H. Almasri, Variable material length scale 
associated with nanoindentation experiments, J. Eng. Mech. (2009). 
https://doi.org/10.1061/(ASCE)0733-9399(2009)135:3(139). 
[44] A.H. Almasri, G.Z. Voyiadjis, Nano-indentation in FCC metals: 
Experimental study, Acta Mech. 209 (2010) 1–9. 
https://doi.org/10.1007/s00707-009-0151-x. 
[45] E.O. Hall, The deformation and ageing of mild steel: III Discussion 
of results, Proc. Phys. Soc. Sect. B. (1951). 
https://doi.org/10.1088/0370-1301/64/9/303. 




Mechanics Research Communications. 
Year 
Publication Office:  
Elsevier UK  
 
Editor-in-Chief: A. Rosato   New Jersey Institute of Technology, Newark, New Jersey,  





0093-6413© 2015 The Authors. Published by Elsevier Ltd. 
Sensitivity: Internal 
Effect of element wall thickness on the homogeneity and isotropy of 
hardness in SLM IN718 using nanoindentation  
George Z. Voyiadjis*,1, Reem Abo Znemah1, Paul Wood2, Urvashi Gunputh2, Cheng Zhang3  
1Computational Solid Mechanics Laboratory, Department of Civil and Environmental Engineering, Louisiana State University, Baton Rouge, LA 70803, USA 
 2 Institute of Innovation in Sustainable Engineering (IISE), College of Engineering and Technology, University of Derby, Derby, DE22 1GB, UK 
 3Medtronic Inc., Tempe, Arizona 
 
 * Corresponding author @ E-mail address: voyiadjis@eng.lsu.edu (G.Z. Voyiadjis).  
 Tel.: +1 225 578 8668; fax: +1 225 578 Q2 9176. 
Abstract 
In this paper the homogeneity and isotropy of the mechanical hardness of thin-walled Inconel 718 (IN718) alloy samples manufactured by 
Selective Laser Melting (SLM) were examined using nanoindentation testing. SLM-produced honeycombed samples with wall thicknesses of 
0.8, 0.6 and 0.4 mm respectively were studied by measuring the hardness across the wall thickness, and on the planes parallel and perpendicular 
to the build direction over the range of depths of 10-2000 nm. The average hardness values close to the edges were 4.0-6.5 % lower than the 
areas away from the them. Interestingly the average hardness dropped by 15.2 % with reduction in the cell wall thickness from 0.8 mm to 0.4 
mm. Average hardness values were reported to be higher on the plane perpendicular to the build direction compared to the parallel plane. A 
variable material length scale was proposed in this work to describe the size effects of the microstructure. It was evaluated using the 
nanoindentation hardness test results and a computational model developed in previous studies by the first author and his co-workers. 
© 2015 The Authors. Published by Elsevier Ltd. 
Keywords: Additive Manufacturing, Selective Laser Melting, Inconel 718, Nanoindentation, Length scale.
1. Introduction 
Additive manufacturing (AM), previously known as Rapid 
Prototyping (RP), was introduced in the 1980s [1]. As defined 
by the ASTM standard 52900:2015 it is the “process of joining 
materials to make parts from 3D model data, usually layer upon 
layer, as opposed to subtractive manufacturing and formative 
manufacturing methodologies” [2]. AM enabled the production 
of complex shapes with less material waste, increased rate of 
production of single parts or small batches, together with 
affordable mass-customization of part manufacturing [3,4]. 
Furthermore, the energy consumed in AM of metal parts is 
lower overall compared to the formative methods of 
production, and hence a potential to reduce the carbon footprint 
[5]. 
The powder based additive manufacturing of metals is a 
process whereby the metal powder is melted layer by layer, 
using an energy source [5–8]. In most cases, the source of 
energy is a laser beam as in the case of Selective Laser 
Sintering (SLS), Selective Laser Melting (SLM), and Laser 
Melt Deposition (LMD). SLM was first introduced in 1999 
following improvements in laser processing and since then has 
seen rapid development. It is similar in process to the earlier 
method of SLS, introduced in the mid-1980s, but the powder 
in each layer is fully melted within a powder bed to a liquid 
phase and then solidified leading to a complete fusion of the 
current layer with underlying substrate. This process develops 
a dense material; almost 99.9 % density can be achieved [8] 
without sintering, post infiltration or Hot Isostatic Pressing 
(HIP). 
Inconel 718 (IN718) is a nickel chromium alloy that 
contains significant amounts of iron, niobium and 
molybdenum with small amounts of aluminum and titanium 
[9]. The main hardening phases are the γ’’ phase and the γ’ 
phase that are dissolved in the γ matrix. Due to its high 
corrosion resistance, fatigue resistance, wear resistance 
combined with high strength up to 650-750 oC it finds use in 
the mechanical applications operating at elevated temperatures. 
Even in its fully annealed condition IN718 is difficult to 
machine at room temperature using subtractive methods 
needing expensive tools, with high rates of tool wear and low 
metal removal rates. To shape the alloy from a bulk form 
requires high temperatures of typically 1000 oC, expensive heat 
resistant tooling and a high degree of precision process control 
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such as isothermal forging to make parts with complex shapes 
such as jet engine blades. SLM offers a potential alternative to 
formative manufacturing methods. However, an understanding 
of the relationship between process, microstructure and 
mechanical properties of IN718 alloy manufactured by SLM is 
needed to support the qualification process for its use in 
demanding high performance applications.  
Studies have been conducted in the past decade to 
investigate the effect of the incremental build process 
(including the fast cooling rate and high temperature gradient), 
post heat treatment and building parameters on the 
microstructure and mechanical properties of IN718 
manufactured by SLM. For the as-built alloy, with no post heat 
treatment, the grain morphology was found to be anisotropic; 
such that the plane parallel to the build direction reveals grains 
elongated in the direction of build. In the plane perpendicular 
to the build direction the grains are elongated between the track 
lines with the existence of finer grains in the overlapping areas 
[10–12]. This anisotropy results from the manufacturing 
process as the grains align themselves in the direction of the 
steepest temperature gradient. Process parameters such as laser 
power, scan strategy, scanning speed and building direction 
have been found to affect the microstructure of the as-built 
IN718 alloy [13,14], which results in heterogeneous grain 
structures with a majority of columnar grains [15].  Heat 
treatment is applied to SLM-produced parts of IN718 alloy to 
strengthen the mechanical properties by creating a more 
uniform grain morphology and the process involves dislocation 
annihilation, formation of twin boundaries and the 
precipitation of γ’ and γ’’ strengthening phases [11,12,16–18]. 
Although heat treatment generally results in grain growth, it 
was observed that the grains are still finer compared to the 
conventionally cast IN718 [18,19]. Heat treatment also reduces 
the number and the size of pores that are an inherent feature of 
the SLM process. Another feature of the SLM process is that 
porosity was observed to be higher along the interface between 
the free edge and the interior [11]. The effect of laser scan 
speed on porosity was also studied. Keeping the laser power 
(90 W), layer thickness (25 μm) and hatch spacing (80 μm) 
constant and varying the scanning speed between 100 -1600 
mm/s, a maximum densification of 99.7 % was recorded at scan 
speed of 800 mm/s before any heat treatment was applied [10]. 
Overall, there is a general agreement that the mechanical 
properties of the heat treated SLM-produced IN718 alloy are 
comparable to those produced by formative methods of 
manufacturing, but selection of the correct SLM process and 
heat treatment parameters are essential to producing a quality 
part in this alloy [18–20]. 
There are many applications of IN718 alloy that require 
complex hollow shaped elements to obtain specific physical or 
mechanical properties, weight reduction, fluid flow or heat 
transfer. This paper examines the uniformity and isotropy of 
the mechanical properties in AM produced thin-walled 
structures by SLM. 
2. Sample preparation 
2.1. Sample manufacturing  
SLM-produced honeycomb samples of different cell wall 
thicknesses were received from the University of Derby, 
(UoD), UK. The outer dimensions of the samples were 22 mm 
x 20 mm x 2 mm thickness. The nominal dimension from the 
center of the hexagonal cell to the centerline of the cell wall 
(referred to as ligaments in Fig. 1 (a)) was kept constant in all 
three samples, differing only in the cell wall (ligament) 
thickness. Samples of cell wall thicknesses 0.8 mm, 0.6 mm 
and 0.4 mm were studied, termed as S1, S2 and S3 respectively. 
A Renishaw AM250 Selective Laser Melting machine 
incorporating a pulse-modulated Ytterbium fiber laser was 
used to produce the test pieces with the process parameters 
displayed in Table 1. The IN718 powder material was 
spherical, with particle diameter size ranging between 15 to 45 
µm, and the chemical composition displayed in Table 2. 
Meander scanning was used and in this approach the laser beam 
scans each line vector separated by the hatch spacing (90 μm) 
for each layer of un-melted powder deposited. The layer 
interior area (fill) is scanned first with laser speed 1000 mm/s, 
followed by the borders (or boundaries) with scan speed 400 
mm/s. The laser beam scans each layer at an angle of 67o with 
respect to the previous one [21]. The whole process was 
conducted within an inert gas (Argon) environment to 
minimize oxidization. After finishing the build process, the 
parts were stress relieved at an annealing temperature of 1048 
°C in solution for 1 hour followed by a furnace cool and 
afterwards cut from the base plate using wire electrical 
discharge machining (WEDM) known as wire-cut. For the 
current samples, the layering plane XY is the horizontal plane 
which is perpendicular to the build direction along the Z axis. 
The plane ZX is the vertical plane which is parallel to the build 
direction (Fig. 1 (b)). They are termed as the top plane and 
Fig. 1. Samples geometry: (a) top view, (b) samples orientation, (c) SEM image showing the surface of the S3 sample as received. 
(a) (b) (c) 
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lateral plane respectively in this paper.  Fig. 1 (c) is an SEM 
image of the S3 sample, as received, captured using Quanta 3D 
FEG FIB/SEM at the Shared Instrumentation Facility (SIF) at 
Louisiana State University (LSU) with the stage being tilted to 
display the top and lateral planes in the same figure.   
2.2. Sample preparation 
An important factor for obtaining accurate results from the 
nanoindentation test is the surface condition. The mechanical  
properties obtained from the nanoindentation tests assumes the 
loading path to be perpendicular to the surface and are based 
on the contact depth that is calculated from the total penetration 
depth. A flat surface with ±5o inclination is desirable for the 
loading path, and for accurate penetration depth sensing the 
surface roughness must be minimized. According to the ISO 
14577-4 Ra values should be less than 5 % of the maximum 
penetration depth.  
The sample preparation for proper polishing started by 
reducing the size of the sample using the wire-cut process. 
Mechanical and chemical-mechanical polishing steps were 
performed on the original surface (nanoindentation 
experiments were not performed on wire-cut surfaces) to obtain 
the required surface condition. For the mechanical polishing 
Silicon carbide (SiC) polishing paper of grit size 600 was used 
first to remove the peaks formed at the contour lines to end with 
a flat but scratched surface. SiC paper of grit sizes 800, 1000, 
and 1200 were then used respectively to refine the sample 
surface. The final mechanical steps were done using 
polycrystalline diamond suspensions of sizes 6 µm, 3 µm and 
1 µm respectively to develop a highly polished mirror like 
surface. After each step the sample was ultrasonically cleaned 
and checked using an optical microscope to ensure scratches 
left by the previous polishing step were all removed. 
Chemical-mechanical polishing was performed following 
the mechanical steps using a water based colloidal silica 
suspension of 0.05 µm particle size and a vibratory polisher for 
15 hrs. The chemical -mechanical polishing was done to 
remove the tiny scratches and residual plastic deformation left 
by the previous mechanical polishing steps. 
3. Inductively coupled plasma - optical emission 
spectrometry 
To confirm that the composition of the final product 
conforms to the standard IN718 alloy as specified by the 
ASTM [9], Inductively coupled plasma - optical emission 
spectrometry (ICP-OES) was performed at Element laboratory, 
UK. The standard nominal limits and the ICP-OES result for 
the weight percentages of the elements is shown in Table 2. 
4. Nanoindentation  
4.1. Procedure 
Nanoindenter XP developed by MTS [22] was used to 
perform nanoindentation with diamond pyramidal Berkovich 
tip. The Hardness of material is determined as:  
H = P A⁄                                                                                          (1)         
where H is the hardness in Pascal, P is the load measured by 
the equipment in Newtons, and A is the contact area between 
the indenter tip and the material in m2. According to the series 
of equations developed by Oliver and Pharr [23,24] the 
unloading-displacement curve can be represented by a power 
law as follows: 
𝑃 = 𝐵(ℎ − ℎ𝑓)
𝑚
                                                                           (2)    
where h is the indentation depth in m, hf is the final 
indentation depth after unloading, and B and m are material 
constants greater than 1. Assuming that the hard indenter 
material is perfectly rigid, the projected area at the peak load 
can be given as a function of the tip geometry and the contact 
depth hc as follows:  






4⁄ + ⋯ +
𝐶8ℎ𝑐
1
128⁄                                                                                            (3)  
where the constant 24.562 in the first term, called the lead term, 
is specific for the Berkovich tip. In the case of a perfect tip, 
only the lead term is nonzero. The remaining terms are used  
to correct the deviations from this perfect geometry due to 
blunting of the tip. A standard fused silica sample that is known 
to have an elastic modulus of 72 MPa is used to perform the 
analysis required to obtain these constants. The contact depth 
ℎ𝑐 depends on the tip geometry, and is given as: 
   hc = h −
εP
S
                                                                                (4) 
 where  is the tip geometry constant (for Berkovich =
0.75), and 𝑆 is the slope of the initial portion of the unloading 
curve that can be obtained by differentiating the contact load 𝑃 




= Bm(h − hf)
m−1|h=hmax                                            (5) 
In this equation ℎ𝑚𝑎𝑥  is the maximum indentation depth 
reached during the test. Using these equations, the equipment 
can determine the hardness 𝐻 of the material as a function of 
the indentation depth ℎ. For the current study the continuous 
stiffness measurement method (CSM) is used. The CSM 
method allows the measurement of the unloading stiffness S 
continuously through the depth by superimposing small 
oscillations over the primary loading signal. Using S and the 
previous equations the hardness is obtained as a continuous 
Table 1. Build parameters for the current study. 
 Boarder Fill 
Layer Thickness (µm) 
Hatch distance (mm) 
Laser power (Watts) 
Spot size (µm) 
Scan speed (mm/s) 
Exposure Time (µs) 
Point Distance (µm) 
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function of the penetration depth. Thermal drift correction is 
also implemented in the test method.  
4.2 Test locations  
4.2.1 Hardness across the cell wall thickness (top plane)  
To detect the variation of hardness across the cell wall 
thickness, successive rows of indents were performed across 
the wall thickness for each sample as shown in Fig. 2 (a). Each 
row being 50 µm away from the previous one and the first and 
last rows being 50 -100 µm away from the free boundary to 
avoid boundary effects. The number of rows varied for each 
sample as the space available was different. 
4.2.2 Hardness on the top plane (joint area) 
Three groups of nine indents (indentation pattern of one 
group is shown in Fig.2 (b)) were performed on the top plane 
of each sample. Each group was performed in the interior area 
of a separate joint (the intersection of the cell walls). The 
vertical and horizontal spacing between the indents was 50 µm. 
4.2.3 Hardness on the lateral plane 
Three groups of nine indents (indentation pattern of one group 
is shown in Fig.2 (b)) were performed on the lateral plane for 
each sample. The vertical and horizontal spacing between the 
indents was 50 µm. The side tested was chosen from the 
original edges (not from the EDM cut side). 
5. Computational modeling of the nanoindentation 
with length scales  
Indentation size effect (ISE) has been observed by a number 
of researchers in nanoindentation tests [25–29]. ISE is 
characterized by the decrease in hardness values as the 
indentation depth increases and finally reaching a constant 
value after certain depth. The classical continuum theory 
cannot predict this behavior. Therefore, to be able to address 
the material behavior in multiscale characterization, the 
classical continuum theory is enhanced with the strain gradient 
plasticity theory. In the latter, the plastic strain at a point 
depends on both the local counterpart and the strain gradient in 
the neighboring space [30–34]. The nonlocal formulation of the 
equivalent  plastic strain developed by Voyiadjis & Abu Al-
Rub [35] is given as: 
?̂? = [𝑝𝛾 + (𝑙𝜂)𝛾]1 𝛾⁄                                                                      (6)   
where ?̂? is the nonlocal form of the plastic strain, 𝑝 is the 
local equivalent plastic strain, 𝑙 is a length scale parameter 
required for dimensional consistency, 𝑛 is the equivalent 
plastic strain gradient of any order and 𝛾 is a material 
parameter. By comparing the constitutive relations at the 
micro- and macro-scales an expression of the material length 
scale that depends on the rate of loading, temperature and 
accumulated plastic strain has been developed by Voyiadjis et 
al. [36]. The effect of the cell wall thickness (D) on the 
material length scale  was  proposed earlier by Voyiadjis and 
Abu Al-Rub [32] and Voyiadjis and Peters [25]. Their 
proposed expression has been used to modify the length scale 
definition proposed by Voyiadjis et al. [36] as follows: 














)            (7)  
where 𝛼𝑆 and 𝛼𝐺 are statistical coefficients which account for 
the deviation from regular spatial arrangements of the SSD 
and GND populations respectively, 𝑏𝑆 and 𝑏𝐺 are the 
Table 2. Chemical composition of IN 718.  
Element Fe C Si Mn S Cr Mo Ni Cu Co Ti Al Nb+Ta  
Nominal minimum Bal _ _ _ _ 17.0 2.80 50.0 _ _ 0.65 0.20 4.85  
Nominal maximum Bal 0.08 0.35 0.35 0.015 21.0 3.30 55.0 0.3 1.0 1.15 0.80 5.5  
ICP 18.0 0.042 0.04 0.01 >0.003 18.3 3.24 53.4 0.01 0.10 0.95 0.48 5.27  
Fig. 2. (a) SEM Image showing the nanoindentation across the cell 
wall thickness (the nano-indents are the light gray triangles), (b) 
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magnitudes of the Burgers vectors for the statistically stored 
dislocations SSDs and the geometrically stored dislocations 
GNDs respectively, ?̅? is the Schmidt orientation factor, 
usually taken as ½, ?̅? is the Nye factor, taken as 1.85 for 
polycrystalline material [37,38], 𝑑 is the grain size, 𝑝 is the 
equivalent plastic strain, ?̇? is the strain rate, 𝐸𝑟  is the 
activation energy ( 443 kJ/mol for IN718 [39]) , T is the 
temperature in kelvin, R is the gas constant, m and q are the 
material hardening exponents and 𝛿1, 𝛿2  and 𝛿3 are material 
parameters that are determined from nanoindentation 
experiments (values given in Table 3). This can be done by 
comparing the hardness experimental results with the 
hardness model (TRISE) developed by Voyiadjis et al. [36]. 
In this model the hardness is given as a function of the 
indentation depth as follows: 






















                                            (8)  
where 𝐻0 is the macro-hardness, ℎ is the indentation depth, c is 
a material constant in the order of 𝑐 = 1,𝜃 is the angle between 
the surface of the conical indenter and the surface of the 
specimen (for Berkovich indenters 𝜃 = 0.358) and ℎ1, 𝛿4  and 
𝛿5  are material parameters that are determined from 
nanoindentation experiments (values given in Table 3).   
Using the cyclic plasticity model developed by Voyiadjis and 
Abu Al-Rub [40] and Voyiadjis and Basuroychowdhury [41] 
the hardness in the used testing method is given as: 
𝐻𝑛𝑒𝑤 = 𝐻𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 + 𝐶(ℎ)𝐻𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠                                      (9) 
where C(h) = √1/𝛼6ℎ  with 𝛼6  being a material parameter 
determined through curve fitting and   𝐻𝑝𝑟𝑒𝑣𝑖𝑜𝑢𝑠 is the hardness 
given by the TRISE model (Eqn. (8)). In the current study the 
equivalent plastic strain as a function of the indentation depth 
was obtained through finite element simulation of the 
indentation test using ABAQUS software following the work 
of Voyiadjis et al.  [25,36,42–44]. The IN718 sample was 
modeled as a cube of 50 μm sides with the lower side fully 
constrained. The diamond indenter was modeled as a blunt 
pyramid with the tip being equilateral triangle of 30 μm sides. 
The material properties of the diamond tip were provided by 
the manufacturer and the material properties of SLM IN 718 
were provided by UoD. ABAQUS interaction module was used 
to model the interaction between the diamond tip and the 
sample. Specific velocity and duration were assigned to the tip 
to penetrate the sample to a depth of approximately 2000 nm. 
Following that, the material parameters 𝛿1-  𝛿6 and ℎ1  in the 
TRISE model were calibrated by fitting the model with the 
experimental results. Once the material parameters were 
obtained the material length scale in Eqn. (7) was evaluated.  
6. Results and discussion 
6.1 Hardness across the cell wall thickness (top plane) 
ISE was observed in all indents, and the hardness-
indentation depth curves had a plateau between 1800- 2000 nm 
indentation depth. The average value of the hardness over this 
range of depth was plotted for each indent (shown as dots) 
across the cell wall thickness in the color map plots in Fig. 3. 
It was observed for all samples that the hardness values were 
lower close to the wall free edges and increased to reach higher 
values at 100-150 µm from there. 
The hardness in the area close to the free edge was ~ 4 to 6.5 
% lower than in the interior areas. Furthermore, the average 
hardness value in the interior area was found to decrease as 
the cell wall thickness decreased; that is ~ 4.20 GPa for S1, ~ 
4.13 GPa for S2 and ~ 3.54 GPa for S3. The hardness 
reduction was 1.6 % between S1 and S2, but 13.6 % between 
S2 and S3.  
Considering the boarder scan parameters; the boarder scan 
offset from the free edge is 0.06 mm for all samples. For two 
boarders per wall it is 0.12 mm. Hence, for the S1 sample, the 
boarder’s contribution is 15 % of the wall thickness, 20 % for 
S2 and 30 % for S3. Furthermore, it is described in Table 1 
that the energy density, and hence the increase in temperature, 
for the boarder is higher than the interior. Therefore, it is 
expected for the microstructure at the edges to be coarser than 
the interior, resulting in hardness reduction at the edges (Hall 
-Petch relation [45,46]). However, this change in the 
microstructure should be gradual following the gradual 
change in the temperature from the boarders to the interior. 
This gradual change in the microstructure is expected to take 
place over a transition length that extends beyond the boarder 
width (0.06mm), and this could explain the reduction in the 
hardness over the distance 0.1- 0.15 mm from the free edges. 
The hardness reduction in this zone may also be attributed to 
the porosity that is observed by Sangid et al. [11] to be higher 
in the area where interior hatch lines meet the boarders.  It is 
believed by the authors that as the cell wall thickness 
decreases, the boarder temperature and accompanied porosity 
effects from both sides, and consequently the resulting 
transition zones, will get closer to the cell wall centerline. 
This will cause a reduction in the average hardness based on 
the contribution of this zone to the total wall thickness. It is 
also believed that further reduction in the cell wall thickness 
will finally cause the boarder temperature and porosity effects 
from both sides to be superimposed all over the interior area 
causing considerable differences in the interior microstructure 
(and hardness) between the different samples.   
6.2 Hardness on the top (joint area) and lateral planes 
The average and standard deviation of the hardness values for 
each one of the three groups of indents on the top (joint area) 
and lateral planes were plotted in Fig. 4. Also, the average 
Table 3. Numerical values for the parameters used in Eqns. 
(7) and (8). 
Variable Value Variable Value 
Ho 3.66 GPa q 0.3 
d 3000 nm* 𝒉𝟏 42 nm 
R 8.3144 J/mol 𝜶𝟐 4.8x10
6 
T 295 K 𝜶𝟑 0.01
 
m 0.474 𝜶𝟒 0.064 
B 2 𝜶𝟓 1.15 
?̇? 0.05 s-1 𝜶𝟔 1.3x10
5 
*Measured using Ion beam channelling contrast method at 
SIF-LSU. 
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hardness value over the depth range 1800-2000 nm for each 
group was listed in Table 4. For the top plane it was observed 
that the hardness values, for all the samples, were around the 
average values of the hardness determined previously in the 
cell wall interior area. Furthermore, for all samples, the average 
hardness values on the top plane were higher compared to those  
on the lateral plane.  
Analysis of variance (ANOVA) was performed on the results 
listed in Table 4 to compare the hardness values on the top and 
lateral planes of each sample. Using a 2-way ANOVA, it was 
found that there was a significant difference between the 
Fig. 3. Hardness across the cell wall thickness (top plane): (a) S1, 
(b) S2, (c) S3. 
Fig.4. Average hardness versus displacement into surface: (a) S1, (b) 
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hardness of the 3 samples (p = 3.99E-6; F(63.2) > Fcrit(4.7)) 
and between the top and lateral plane (p=0.00012; F(20.9) > 
Fcrit(3.9), with the hardness values for the top plane being 
higher than the lateral plane. This was associated with more 
columnar grains on the surface of the lateral plane of the 
samples with less overlapping areas [15].  
6.3 Local Hardening  
In the recent nanoindentation experiments, a local hardening 
region was observed in the hardness- indentation depth curve 
for polycrystalline materials over the depth range of 50-100 nm 
[35-39]. This local hardening could be related to the interaction 
between the volume of the GNDs created by the indenter and 
the grain boundary first approached by this volume as shown 
in Fig. 5. In the current study, this local hardening was 
observed only for the S3 sample on the top plane. More 
specifically, all the indents on this plane showed this trend 
except those of group 3. Two of the indents showing this 
behavior were displayed in Fig. 6. This distinct behavior of 
sample S3 could be attributed to higher anisotropy in the 
crystalline structure compared to the other samples leading to 
the indents being close to the grain boundary along the shortest 
dimension. 
6.4 TRISE Model and Material length scale 
The accumulated equivalent plastic strain obtained from the 
ABAQUS software simulation is shown in Fig.7. It had been 
defined as a function of the indentation depth to be used in Eq. 
8. The material parameters were then determined by fitting the 
hardness values from Eq. 8 into the experimental data (Fig. 8). 
Finally, the material length scale was evaluated and plotted 
against the equivalent plastic strain (Fig. 9). It can be observed 
that the material length scale decreases as the plastic strain 
increases and finally reaches zero. This can explain the ISE by 
using the gradient plasticity theory; at higher indentation 
depths, as the accumulated plastic strain increases the length 
scale reaches zero and the hardness value reaches the macro 
hardness value H0. Furthermore, at lower indentation depth the  
 
Fig. 5. The interaction between the dislocations and the grain 
boundaries for polycrystalline materials during nanoindentation 
experiments. (after Voyiadjis and Zhang [36]). 
Table 4. Hardness on the top (joint area) and lateral planes. 
    
Hardness (GPa) 
S1 S2  S3 
Top plane  
Group 1 4.30 4.19 3.89 
Group 2 4.19 4.02 3.95 
Group 3 4.22 4.28 4.02 
Lateral Plane  
Group 1 3.92 3.35 3.80 
Group 2 4.19 3.40 3.84 
Group 3 4.03 3.45 3.86 
 
Fig.6. Local hardening in selected hardness-indentation depth 
curves of sample S3. 
 
Fig. 7. Equivalent plastic strain in contour plot after indentation. 
 
Fig. 8. Comparison of the hardness curves from proposed model 
and nanoindentation experiment for a chosen indent. 
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strain gradient is higher due to the accumulated GNDs below 
the indenter causing the hardness values to be higher than H0.  
7. Conclusion 
Selective Laser Melting (SLM) can be utilized in producing 
complex shaped lightweight elements in IN718 super-alloy. 
However, due to the high temperature gradient related to the 
incremental manufacturing process certain characteristics 
cannot be avoided even after the stress relief process. Some of 
these characteristics were observed in this study as follows:   
• Hardness values in the vicinity of the cell wall edges 
were 4-6 % lower than in the interior areas. 
• Hardness values in the cell wall interior area 
decreased as the cell wall thickness decreased. The reduction 
in total (as a percent of the 0.8 mm sample average hardness) 
was 15.2 % as the thickness decreased from 0.8 to 0.4 mm. 
However, only 1.6 % reduction occurred as the thickness 
changed from 0.8 to 0.6 mm compared to 13.6 % as thickness 
changed from 0.6 to 0.4 mm. This suggested a possibility of a 
minimum value for the element thickness below which the 
manufacturing process will drastically affect the hardness 
values.  
• Hardness values were anisotropic; the hardness values 
on planes perpendicular to the build direction were higher 
compared to the planes lateral to the build direction. 
 
The indentation size effect was addressed for AM IN718 by 
using nanoindentation experiments and concurrently utilizing 
the TRISE computational model of hardness. A variable 
intrinsic material length scale 𝑙  as a function of the plastic 
strain is subsequently obtained. The resulting trend of this 
curve supports the capability of the gradient plasticity theory to 
predict ISE.  
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